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The lepton helicity distributions in the polarized Drell-Yan process at RHIC energy are investigated. In the
absence of the weak interaction, only the measurement of lepton helicity can prove the antisymmetric part of the
hadronic tensor. Therefore it might be interesting to consider the helicity distributions of leptons to obtain more
information on the structure of nucleon from the polarized Drell-Yan process. We estimate the QCD corrections
at O(αs) level to the hadronic tensor including both intermediate γ and Z bosons. We report the numerical
analyses on the Z pole and show that the u(u¯) and d(d¯) quarks give different and characteristic contributions to
the lepton helicity distributions. We also estimate the lepton helicity asymmetry for the various proton’s spin
configurations.
1. INTRODUCTION
In the last ten years, great progress has been
made both theoretically and experimentally in
hadron spin physics. Furthermore, in conjunction
with new projects like the “RHIC spin project”,
“polarized HERA”, etc., we are now in a position
to obtain more information on the spin structure
of nucleons. The spin dependent quantity is, in
general, very sensitive to the structure of interac-
tions among various particles. Therefore, we will
be able to study the detailed structure of hadrons
based on QCD. We also hope that we can find
some clue to new physics beyond the standard
model through the new experimental data.
It is now expected that the polarized proton-
proton collisions (RHIC-Spin) at BNL relativistic
heavy-ion collider RHIC[ 1] will provide sufficient
experimental data to unveil the structure of nu-
cleon. Therefore it is important and interesting
to investigate various processes which might be
measured in RHIC polarized proton-proton colli-
sions.
In this talk, we report the QCD one-loop cal-
culations of lepton helicity distributions from the
polarized Drell-Yan process. The lepton helic-
ity distributions carry more information on the
nucleon structure than the “inclusive” Drell-Yan
∗Presented by J.K. at RADCOR 2002 and Loops and Legs
2002, Kloster Banz (Germany), September 8 to 13, 2002.
observable like the Q2 (invariant mass of leptons)
dependence of the cross section. We will show
that the u(u¯) and d(d¯) quarks give characteristic
contributions to the lepton helicity distributions.
2. LEPTON HELICITY DISTRIBUTION
The polarized Drell-Yan process as well asW,Z
production has been studied by many authors
both for longitudinally[ 2] and transversely[ 3] po-
larized case. Thanks to the factorization theorem,
the the Drell-Yan cross section is given as the
convolution of parton densities fi(x) with hard
subprocess cross section dσˆij ,
dσ =
∫
dx1dx2
∑
ij
dσˆij fi(x1)fj(x2) .
Now let us consider, for simplicity, the virtual
γ mediated Drell-Yan process. The subpro-
cess cross section dσˆ is written in terms of the
hadronic and leptonic tensors as,
dσˆ ∝
(
WˆSµν + Wˆ
A
µν
) (
LS µν + LAµν
)
= WˆSµνL
S µν + WˆAµνL
Aµν .
The anti-symmetric part of hadronic tensor Wµν
contains spin information on the annihilating par-
tons. However, for observables obtained after in-
tegrating out the lepton distributions, this anti-
symmetric part drops out. Furthermore, the chi-
ral structure of QED and QCD interactions tells
us that only particular helicity states are selected
for the q− q¯ annihilation. This observation shows
that the polarized and unpolarized Drell-Yan pro-
cesses are governed by the essentially the same
dynamics at least for the hard part.
On the other hand, if we measure the lepton he-
licity distributions, we can reveal the whole struc-
ture of the hadronic tensor as you can see e.g. in
the tree level result for the parton cross section,
dσˆ(0)(λ , λl)
dQ2d cos θ
=
piα2
6Q4
e2q
(
1 + cos2 θ + 2λλl cos θ
)
δ(1− z) ,
where z = Q2/sˆ, θ is the scattering angle of pro-
duced lepton in the partons CM frame and λ(λl)
is the helicity of quark (lepton). The third term
comes from WˆAµν .
3. QCD ONE-LOOP CALCULATION
At the QCD one-loop level, infrared and mass
singularities appear and we regularize them by
giving a non-zero mass κ to gluon[ 4]. To perform
the numerical analyses by using e.g. the MS pa-
rameterization for the parton densities, we have
to change the scheme. However, it is well known[
5] how to do it. We calculate the differential cross
section for the lepton,
dσˆ
dQ2dcosθ
,
with helicities of partons and produced lepton be-
ing fixed. In the following expressions, we sup-
press the complexity coming from the two inter-
mediate states of γ and Z boson.
The virtual gluon correction
q
q
‘‘γ ’’, ‘‘Z’’
reads,
dσˆV (λ, λl)
dQ2d cos θ
=
dσˆ(0)(λ, λl)
dQ2d cos θ
δ(1 − z)
×
[
1 +
(αs
pi
CF
)
×
(
−1
2
ln2
Q2
κ2
+
3
2
ln
Q2
κ2
− 7
4
+
pi2
6
)]
.
The correction due to real gluon emission
yields,
dσˆR(λ, λl)
dQ2d cos θ
=
dσˆ(0)(λ, λl)
dQ2d cos θ
LBR
(αs
pi
CF
)
×
[
δ(1− z)
(
1
2
ln2
Q2
κ2
− 2 ln2 2
)
+
1 + z2
(1− z)+ ln
Q2
κ2
− 2(1 + z2) ln z
1− z
+2(1 + z2)
(
ln(1− z)
1− z
)
+
− (1− z)
]
+ DY R(z, cos θ;λ, λl) .
Finally, the contribution from the quark-gluon
Compton process
takes the form,
dσˆC(λ, h, λl)
dQ2d cos θ
=
dσˆ(0)(λ, λl)
dQ2d cos θ
LBC
αs
2pi
Pqg(z;λ, h)
×
[
ln
Q2
κ2
+ ln
(
1− z
z2
)
+ ln
(
(1 + z − (1 − z) cos θ)2
4z
)]
+ DY C(z, cos θ;λ, h, λl) ,
where h is the gluon helicity.
In the above two equations, LBR,C are the
Lorentz boost factors which are the function
of z, cos θ and helicities of involved particles.
DY R,C are the finite contributions. The explicit
forms of these functions are very complicated and
lengthy[ 6] to be presented here. After combin-
ing all contributions, the double logarithmic sin-
gularities cancel out and only mass singularities
remain. The coefficients of them are exactly the
DGLAP one-loop splitting functions Pqq and Pqg.
4. NUMERICAL RESULTS
By performing the factorization of mass singu-
larities with an appropriate scheme transforma-
tion and convolution integral of hard part with
the parton distribution functions, we can pre-
dict the helicity distributions of lepton in proton-
proton annihilation.
dσ(λA, λB, λl)
dQ2d cos θ∗
=
1
4
∑
f,λ
∫
dxAdxB (qf (xA) + λλA∆qf (xA))
× (q¯f (xB)− λλB∆q¯f (xB))
×
[
dσˆ
(0)
f (λ, λl)
dQ2d cos θ∗
+
dσˆV+R,Ff (λ, λl)
dQ2d cos θ∗
]
+
1
4
∑
f,λ,h
∫
dxAdxB (qf (xA) + λλA∆qf (xA))
× (g(xB) + hλB∆g(xB))
dσˆC,Ff (λ, h, λl)
dQ2d cos θ∗
+ (A↔ B) ,
where λA and λB are the helicities of annihilat-
ing protons, cos θ∗ is the scattering angle of the
lepton in the protons CM frame and the Q2 de-
pendence of parton densities is suppressed. Note
that σˆR,F and σˆC,F differ from DY R and DY C
in the previous section by the appropriate factor
depending on the change of scheme.
Although our formulae can be applied for arbi-
trary total energy s and invariant mass of lepton
pairs Q2, we report in this talk only the results
for
√
s = 500 GeV and Q = 91.2 Gev (on Z-
boson pole). We use the MS parameterization of
the parton densities in Ref.[ 7].
Denoting the helicities of initial protons by
PA,B(±), there are three cases corresponding to
PA(+)PB(−), PA(+)PB(+), PA(−)PB(−) con-
figurations. Among these, we plot in Fig.1 the
most interesting case in which we can discrimi-
nate the contributions from u(u¯) and d(d¯) quarks.
Fig.1 shows the negative helicity lepton distribu-
tions in [pb/GeV] with PA(+)PB(−) configura-
tion. We have changed the lepton variable from
the scattering angle to the rapidity yl. The solid
line is the total contribution. The double line
(solid and dashed) which has a peak in the nega-
tive (positive) rapidity region is the contribution
from u(u¯) (d(d¯)) quark. The tree level predictions
are displayed by the dot-dashed lines.
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Figure 1. Negative helicity lepton distribution
with PA(+)PB(−)
Some comments are in order for this result.
Firstly, the main effect of QCD correction is just
an enhancement of the tree level cross section: the
K factor is 1.5 ∼ 1.8. It does not change signifi-
cantly the shape of the lepton distributions. Sec-
ondly, the different contributions from u(u¯) and
d(d¯) quarks can be understood intuitively by ob-
serving the following aspects: (1) The polarized
quark distributions in the polarized proton P (+)
tell us,
u(↑)≫ d(↓) ∼ u(↓)≫ d(↑)≫ u¯(↑, ↓) ∼ d¯(↑, ↓) ,
where ↑, ↓ mean the quark’s spin parallel and
anti-parallel to the parent proton’s spin. This
relation implies the dominant subprocesses for
the PA(+)PB(−) case to be (i) uA(↑)u¯B, (ii)
u¯AuB(↑), (iii) dA(↓)d¯B and (iv) d¯AdB(↓). (2)
From the angular momentum conservation, the
spin of produced Z boson is aligned to PA (PB)
direction for uAu¯B and u¯AuB (dAd¯B and d¯AdB)
annihilations. Furthermore, it is well known that
the negative (positive) helicity lepton from the Z
decay has higher probability to be produced in
the opposite (same) direction of Z boson’s spin.
(3) The third point to be noted is that the V −A
coupling is larger than the V + A coupling for
the quark and Z boson interaction. This sug-
gests that among four subprocesses in (1), (ii)
and (iii) eventually dominate the process. (4) Fi-
nally, since the momentum fractions of quarks are
bigger than those of anti-quarks, the distributions
of negative helicity lepton from (ii) and (iii) are
Lorentz boosted to the negative and positive ra-
pidity regions respectively.
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Figure 2. Positive helicity lepton distribution
with PA(+)PB(−)
We plot in Fig.2 the positive helicity lepton dis-
tributions with PA(+)PB(−) configuration. In
this case, we do not see such a characteristic
feature like one in Fig.1. The uu¯ contribution
slightly dominates the cross section.
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Figure 3. Lepton distribution with PA(+)PB(+)
Figs. 3a (3b) and 4a (4b) show lepton distri-
butions with positive (negative) helicity for the
PA(+)PB(+) and PA(−)PB(−) configurations.
In the case of PA(+)PB(+), uu¯ and dd¯ anni-
hilations, roughly speaking, contribute similarly
in size. For PA(−)PB(−) annihilation, uu¯ sub-
process dominates the cross section. One can
understand these behaviors again intuitively by
noting the observation explained before concern-
ing Fig.1.
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Figure 4. Lepton distribution with PA(−)PB(−)
We also estimate the lepton helicity asymmetry
A which is defined by,
A ≡ dσ(λl = −1)− dσ(λl = +1)
dσ(λl = −1) + dσ(λl = +1)
This asymmetry is plotted in Fig. 5 for the config-
uration of PA(+)PB(−) using the various parton
parameterizations in Refs.[ 7, 8].
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Figure 5. Helicity asymmetry distribution with
PA(+)PB(−)
This asymmetry amounts to around 50%, but the
dependence on the various parton parameteriza-
tions is quite weak. The reason is that the process
is dominated by the quark and anti-quark anni-
hilation in the RHIC energy region and the gluon
initiated Compton subprocess, in which the am-
biguity of gluon distribution will appear, gives a
tiny correction to the cross section. This is al-
ready expected from also the fact that the QCD
correction has mainly an enhancement effect of
the tree level cross section.
Figs.6 show the same asymmetry for the case
of PA(+)PB(+) (6a) and PA(−)PB(−) (6b).
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Figure 6. Helicity asymmetry distribution with
PA(±)PB(±)
5. SUMMARY
We have presented the lepton helicity distribu-
tions in the polarized Drell-Yan process at the
O(αs) level in QCD. We have numerically ana-
lyzed the cross section on the Z pole and pointed
out that the u(u¯) and d(d¯) quarks give different
and characteristic contributions to the lepton he-
licity distributions which deserve some theoreti-
cal interests. The QCD corrections mainly en-
hance the tree level cross sections and this fact
can explain qualitatively the lepton helicity dis-
tributions from the various proton’s spin config-
urations.
We have also estimated the lepton helicity
asymmetry which amounts to around 50%. Since
the q− q¯ subprocess is dominant in the RHIC en-
ergy region, we will not be able, unfortunately, to
find difference between various parton parameter-
izations which have big ambiguities in the gluon
distributions.
From the experimental point of view, it seems
very difficult to measure the helicity of produced
muon and/or electron from Drell-Yan process.
However, if we can observe the τ lepton produced
from the Drell-Yan process and its decay, we will
be able to compare the experimental data and
theoretical prediction.
We hope that various kinds of new experiments
and theoretical investigations will be able to clar-
ify not only perturbative and nonperturbative as-
pects of QCD but also the full structure of all
interactions in Nature.
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